Unnatural dynamics of the notorious vortex in the left ventricle is often associated with cardiac disease. Understanding how different cardiac diseases alter the flow physics in the left ventricle may therefore provide a powerful tool for disease detection. In this work, the fluid dynamics in the left ventricle subject to different severities of aortic regurgitation is experimentally investigated by performing time-resolved particle image velocimetry in a left heart duplicator. Diastolic vortex reversal was observed in the left ventricle accompanied by an increase in viscous energy dissipation. Vortex dynamics and energy dissipation may provide useful insights on sub-optimal flow patterns in the left ventricle.
I. Introduction
The left ventricle (LV) is the heart's powerhouse, responsible for supplying each and every tissue throughout the body with oxygenated blood. During its filling phase (diastole), a vortical structure is known to develop in the LV, which has inspired a number of fluid dynamic studies over the past two decades owing to its potential for early detection of disease. This vortex facilitates the ejection of blood (systole) by redirecting the eccentric inflow toward the LV outflow tract (Kilner et al., 2000) with some evidence that it also minimizes energy dissipation (Pedrizzetti & Domenichini, 2005) and blood residence time (Hendabadi et al., 2013) . Unnatural dynamics of this vortex may be correlated with disease (Narula, Vannan, & DeMaria, 2007) , thus inspiring methods to characterize the behavior of a "healthy" vortex such as verifying the energy dissipation characteristics of the flow (Pedrizzetti & Domenichini, 2005; Stugaard et al., 2015; Raymondet, Kadem, & Di Labbio, 2016; and defining a left ventricular vortex formation time (Gharib et al., 2006) . This work focuses on the dynamics of this notorious vortex in the presence of a particularly prevalent valvular disease, namely aortic regurgitation.
Aortic regurgitation (AR) is a condition where the aortic valve does not adequately close. In such a case, LV filling partly occurs from leakage through the aortic valve, leading to a disruption of the formation of the diastolic vortex due to the interaction between the mitral inflow and the emergent aortic regurgitant jet (Fig. 1) . AR itself is quite common, with mild AR or worse having an estimated prevalence of 5.2% in the adult population over age 40 in the USA (Singh et al., 1999) . Of particular interest here is the case of chronic AR, where the left ventricle gradually responds to the persistent regurgitation by dilating in an attempt to accommodate the regurgitant volume and maintain a healthy forward stroke volume, while the peak aortic pressure may remain relatively unchanged or increase (Bekeredjian & Grayburn, 2005; Stout & Verrier, 2009 
II. Methods
The intraventricular flow in the context of chronic AR was studied by experiment in a double-activation left heart duplicator ( Fig. 2) . The duplicator consists of elastic silicone (SILASTIC RTV-4234-T4, The Dow Chemical Company; USA) models of the left atrium, left ventricle and aorta, having refractive indices of 1.41 ± 0.01. The ventricle (model made available in Appendix A) is encased in a hydraulic chamber with its activation being controlled by a piston-cylinder-type assembly. The left atrium is directly connected to an elevated reservoir, allowing atrial filling to occur passively. LV filling occurs in two distinct phases: ventricular relaxation (E wave) and atrial contraction (A wave). At the start of filling, the hydraulic piston pulls back, expanding the ventricle as it fills through the mitral valve (23 mm Perimount Magna Ease, Edwards Lifesciences; USA). As the piston attains its maximal backward stroke, a servomotor compresses the atrium to provide the A wave. This begins the piston's forward stroke, hydraulically compressing the ventricle to enable ejection through the aortic valve (25 mm Perimount Theon RSR, Edwards Lifesciences; USA) up to the reservoir, completing the cardiac cycle. The reader is referred to the supplementary information contained in Appendix A.1 for further technical information regarding the system. The working fluid was a mixture of 60% water and 40% glycerol by volume, having a refractive index of 1.39 and giving a measured dynamic viscosity (4.2 cP) and density (1100 kg/m 3 ) relatively similar to those of blood. The term "double-activation" refers to independent activation of the LV and left atrium to respectively produce the E and A waves of filling. This is critical in experimentally simulating AR, as most left heart duplicators produce the A wave by providing an additional ventricular expansion using the hydraulic piston, which would induce prolonged, non-realistic, regurgitation.
AR was introduced by pulling apart graduated rods hooked under each aortic valve leaflet to restrict valve closure to a centralized orifice while allowing the leaflets to open freely (refer to Fig. 3 for a schematic and to the supplementary information in Appendix A.1 for more details). Five different severities and one "healthy" scenario were investigated by changing the regurgitant orifice area (ROA) to be 0 (normal), 0.10 (mild), 0.18 (moderate-1), 0.25 (moderate-2), 0.52 (severe-1) and 0.78 cm 2 (severe-2), in accordance with clinical guidelines (Nishimura et al., 2014) . These orifices respectively represent 0, 3.3, 5.9, 8.5, 17.2 and 26.1% of the fully open geometric aortic valve area (3.00 cm 2 ). The physical requirement of maintaining a constant forward stroke is equivalent to increasing the total stroke such that the volume contributed from mitral inflow remains constant. As such, the mitral inflow volume was held constant at 64 ± 4 mL, with the A wave corresponding to 21 ± 4 mL, at a heart rate of 70 bpm (T = 0.857 s), while the peak aortic pressure was maintained at 121 ± 5 mmHg. A normalized time, t * = t/T , is here defined with t * = 0 marking the start of the ejection phase, t * = 0.44 the beginning of the filling phase (end of ejection), and t * = 1 the end of the cycle.
Figure 2: Schematic of the left heart duplicator in the plane of the laser sheet (i.e. the view of the camera). The piston acting on the hydraulic chamber controls ventricular systole (ejection) and diastole (filling). Atrial diastole occurs passively from the reservoir, while atrial systole is controlled by direct atrial compression. This independent activation of the left ventricle and left atrium during diastole (double-activation) is critical in simulating aortic regurgitation.
The flow circuit was seeded with polyamide particles (mean diameter: 50 µm, density: 1030 kg/m 3 ), to capture the velocity field by 2D time-resolved particle image velocimetry. The particles were illuminated using a doublepulsed Nd:YLF laser (LDY301, Litron Lasers; England) forming a 1 mm thick laser sheet at the test section. The LV flow domain was captured at a recording rate of 400 Hz (double-frame images 700 µs apart) at the full resolution of 1632 × 1200 pixels using a CMOS camera (Phantom v9.1, Vision Research Inc.; USA). The flow was recorded over one cycle in the plane crossing both the mitral and aortic valves and the ventricle apex, a view often used in clinical practice to evaluate AR (Lancellotti et al., 2013) . The velocity fields were computed in DaVis 8.2 (LaVision GmbH; Germany) using a multi-pass cross-correlation algorithm with decreasing window size (64 × 64 pixels down to 16 × 16 pixels, using 50% overlap). The final spatial resolution was 0.52 × 0.52 mm. The total uncertainty in the velocity field was estimated to be below 5% with respect to the maximum pointwise velocities observed in the healthy (1.70 m/s) and severe (1.66 m/s) cases, based on the major uncertainties described in Raffel et al. (2007) and Adrian and Westerweel (2011) . Figure 3 : Schematic of the mechanism used to impose aortic regurgitation in the cardiac duplicator. Graduated rods hooked under each aortic valve leaflet were pulled apart to maintain a centralized regurgitant orifice area (ROA) for five cases. The rods were removed to simulate the healthy flow scenario.
III. Results & Discussion

A. Replication of healthy left ventricular flow
The experiment replicates the healthy intraventricular flow rather well. A vortex ring rolls up from the shear layer of the mitral inflow, one side of which dissipates against the ventricular wall as the other side imparts a swirling motion to the entire ventricular volume (Pedrizzetti & Domenichini, 2005) ; see Fig. 4 and Video 1 in Appendix A.2. Virtual particles released at the start of diastole exhibit a clockwise swirl and are readily aligned for ejection by the start of systole (Fig. 4, right panel) . The dimensionless vortex formation time (Gharib et al., 2006 ) is calculated to be 4.1, falling in the "healthy" range. 
B. Vortex reversal and flow behavior
As the AR severity worsens, the regurgitant jet readily interacts with the mitral inflow. The two jets remain rather confined to the ventricle walls and each generate their respective vortices as their shear layers roll up. The two vortices effectively compete for space in the LV, with the regurgitant vortex gradually gaining the upper hand and occupying more of the ventricular volume as the severity worsens. Initially, in the mild and moderate-1 cases (ROA = 3.3 and 5.9%), the regurgitant jet emanates after the mitral inflow. In the former, the healthy vortical flow does not seem to be significantly disturbed as the small regurgitant volume is simply entrained by the mitral vortex generated during the E wave, limiting its progression into the ventricle. However, filling from the mitral valve is noticeably less forceful, having diminished velocity magnitudes, and the vortex core is ultimately unable to set up in the ventricle's center. In the latter, when the regurgitant jet emanates, it pushes the mitral vortex toward the wall, allowing the regurgitant jet to penetrate deeper into the ventricle and establish a counter-rotating vortex resembling the middle schematic of Fig. 1 . In the moderate-2 case (ROA = 8.5%), the regurgitant jet and the mitral jet begin nearly at the same time; Video 2 in Appendix A.3. With the mitral inflow volume exceeding the regurgitant volume, the mitral jet sets up the more dominant vortex. The subsequent flow in this scenario is rather interesting as it represents a critical condition dependent on the timing of the two emerging jets, resembling either the moderate-1 case (Fig. 1, middle schematic) or the severe cases (Fig. 1, rightmost schematic) . In the severe cases (ROA = 17.2 and 26.1%), the regurgitant jet precedes the mitral inflow and establishes a counter-rotating vortex occupying the base of the ventricle; Video 3 in Appendix A.4. This is demonstrated in Fig. 5 (left panel) , where the regurgitant vortex imparts a completely reversed swirling motion to the flow at the base of the ventricle by mid-diastole and restricts further progression of the mitral inflow. In this case, particles released at the start of diastole (t * = 0.44) are not favorably oriented for ejection, some of which follow a reversed swirling path compared to the healthy scenario (Fig. 5, right panel) . To illustrate this vortex reversal further, in Fig. 6 , the temporal evolution of the circulation in the ventricle per unit area is plotted, showing a general progression toward positive values (counter-clockwise rotation) with regurgitation severity.
C. Energy loss characteristics
Following recent interest (Pedrizzetti & Domenichini, 2005; Stugaard et al., 2015) , the rate at which energy is dissipated by viscous stresses in the flow is illustrated in Fig. 7 . This quantity could be seen as a measure of the efficiency of the intraventricular flow to conserve inflowing kinetic energy, suggesting a greater work input requirement from the heart to compensate for greater losses in the flow. In 2D, the total viscous energy dissipation rate (VED) is given below (units of power per unit depth) with µ being the dynamic viscosity. Characteristically, this quantity is zero in the case of a vortex described by solid body rotation and becomes appreciable in regions of elevated longitudinal or transverse strain rate (as in jets and shear layers).
A clear overall increase is observed with regurgitation severity. This is consistent with the in vivo results reported by Stugaard et al. (2015) , despite the limitations associated with their use of vector flow mapping to acquire velocity fields (Pedrizzetti & Sengupta, 2015) . The initial climb of the dissipation rate is associated with the high strain rates accompanying the mitral and regurgitant jets, as well as with mild turbulent fluctuations accompanying the regurgitant jet. The peak corresponds more or less to the end of the E wave. The following decay is associated with the establishment of a vortical motion in the ventricle, whose core somewhat approximates rigid body rotation. Repeating the experiment 10 times for each case and comparing successive curves by p-value calculations using two- between the healthy and mild cases). Integrating under these curves for one cycle, the energy loss per unit depth can be seen to almost linearly increase with ROA (Fig. 8) . It should be noted that although the peak VED in the healthy scenario is higher than that of the mild case, the energy loss is smaller owing to the prolonged effect of the perturbation imparted by the regurgitation. It appears that yet again the vortical motion in the healthy LV represents an optimal flow condition in the sense of energy conservation. 
IV. Conclusion
These results suggest primarily that progressive vortex reversal in the LV may naturally arise with chronic AR. The potential of the total viscous energy loss per cycle to evaluate AR severity is also highlighted, remarkably showing an almost linear relationship between energy loss and ROA (Fig. 8) , despite the overall nonlinear nature of the flow. This further suggests the energy loss to be an excellent indicator in the case of AR, being directly related to the ROA itself which is difficult to evaluate in practice.
Evidently, there are many factors that may alter the intraventricular flow that have not been investigated here. These include ventricular geometry for instance, as well as the nature of the regurgitant orifice and jet, with angle and eccentricity being perhaps the most influential. The fluid dynamic phenomena demonstrated in this work are based on an idealized model left ventricle and it is not yet clear whether they may be generalized to all left ventricular geometries. Furthermore, while the two-dimensional plane selected for study is the plane most commonly used in clinical practice to assess AR via color Doppler, it may not be the case that the viscous energy loss exhibits such a linear monotonic increase when considering the full three-dimensional flow. These authors believe that further research is needed to consider both geometrical differences and three-dimensionality, which this group is actively working to achieve. Additionally, we would like to stress that in the case of AR, in vivo velocity field data for a comprehensive set of severities, for which there is considerable need, will allow for better scrutiny of the aptitude of vortex and energy characteristics to assess AR severity against the current metrics.
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